The introduction of organically modified clays to poly(vinylidene fluoride-cohexafluoropropylene) matrix promotes an α to β transformation of the crystalline phase in a manner that critically depends upon the nature of the clay surface modifier. In addition, the presence of nanoclay facilitates an energy dissipation mechanism that gives rise to extensive enhancements in mechanical toughness. At ambient and elevated temperatures the dielectric permittivity of nanocomposites dramatically increases compared to the neat polymer. The rheological, mechanical and dielectric properties of hybrids directly reflect the morphological and structural changes induced by clays.
Introduction
The nanoscopic origin of the macroscopic properties in polymer clay nanocomposites has been the subject of intense investigations which have been summarized in a number of reviews [1] [2] [3] [4] [5] [6] [7] [8] [9] .
One of the key points to the development of this class of hybrid materials is the realization that the native inorganic ions within clay cavities can be replaced by bulkier ammonium ions linked to hydrocarbon chains. This pretreatment can significantly alter the thermodynamics of host/guest interactions, facilitating polymer intercalation within the clay galleries and giving rise to intercalated or exfoliated mesostructures. Clay hybrids often exhibit attractive performance enhancements with respect to thermomechanical properties, dimensional stability, barrier characteristics and flame retardancy. Suffice to say that those enhance properties carry a great promise for a wide range of technological applications.
Conceptually, a number of structural changes induced by nanoparticles can be expressed in terms of mobility confinement of the polymer chains in the vicinity of the organic/inorganic interface.
In that sense, clay nanocomposites can serve as model systems to study polymer segmental dynamics under severe confinement as in the case of ultrathin films or fluids in restricted environments [10] . The interfacial structure and dynamics determine, in turn, the macroscopic properties of the nanocomposites so that performance improvements can be directly related to the dispersion state of the filler, the total area of the internal interfaces and to the strength of matrix-nanoparticle interactions.
At the same time, due to their rigid nature, clay platelets can be viewed as nucleating agents that are able to modify the crystallization behavior of the polymer matrix [11] . However, martensiticlike transformations of the crystalline phase have been observed only in selected polymer-clay combinations. The most well explored examples of this type are the development of γ phase in Nylon 6 at the expense of the α phase in the neat polymer [12, 13] and the evolution of β phase instead of the α form in PVDF [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The latter has a considerable impact in applications where pyroelectric, piezoelectric, ferroelectric or magnetostrictive response is desirable [25] , given that the all-trans configuration of β phase imparts a high dipole moment (7.0 10 -30 Cm /repeat unit) due to the alignment of the polar C-F bonds perpendicular to the polymer axis chain.
In this study, we expand our previous efforts by considering a series of clay nanocomposites based on Poly(vinylidene fluoride-co-hexafluoropropylene). The introduction of defect modifications to PVDF backbone can generate copolymers that exhibit certain advantages compared to homopolymer such as enhanced piezoelectric properties and improved mechanical behavior [26] [27] [28] [29] . PVDF based materials are considered ideal candidates for several applications varying from electroacoustic and electromechanical convertors, actuators, ferroelectric memory devices to mechatronics and artificial muscles. Here, we attempt to assess the role of clay surface modification on the crystallization behavior of the polymer matrix, the morphology of the nanocomposite and the macroscopic response of the hybrids materials with respect to their rheological, mechanical and dielectric properties.
Experimental Materials
Poly(vinylidene fluoride-co-hexafluoropropylene) referred hereafter as PVDF-HFP is a random copolymer (6% HFP comonomer) purchased from Aldrich in pellet form and was ground to fine powder before further use.
Three commercial organically modified montmorillonites (MMT) clays were used; I.30T from Nanocor Inc., which is octadecyltrimethyl ammoniun-substituted MMT (MMT-Alk), Cloisite 
Methods
Wide-angle, X-ray diffraction (WAXS) spectra were recorded at room temperature using a Scintag Inc. θ-θ goniometer (CuKα radiation, λ=1.54 Å). Transmission electron microscopy (TEM) imaging was performed on FEI Tecnai T12 using microtomed ultrathin samples. 
Results and discussion
The The rich polymorphism of PVDF (forming five distinct phases namely α,β,γ,δ,ε) originates in large from the very similar van der Waals volume of fluorine compared to hydrogen atom that can allow high symmetry and offer flexibility to the polymer chain. The stabilization of the β phase of PVDF induced by clay nanoparticles has been originally related to the spatial confinement of the polymer chains imposed by the rigid nanofillers [14] . It has been suggested that crystallization of PVDF under constrained conditions favors the evolution of β modification, in a manner similar to that observed in binary immiscible blends containing PVDF droplets as the minor component [30] . Alternatively, a mechanism in analogy to that developed for the epitaxial crystallization of β modification on KBr substrate has been proposed [31] . The mechanism highlights the geometrical similarities between the crystal lattice of the inorganic phase (KBr, clay) and the β phase of PVDF [17, 32] . It should be noted that the β modification was also found to be favored in the presence of Ag nanoparticles [33] , functionalized multiwall carbon nanotubes [34] and functionalized graphene sheets [35] . The stress induced crystal transformation from α to β phase of PVDF, even in the absence of clay, can be manifested from The stress-strain plots shown in Figure 7 indicate the presence of a toughening mechanism induced by nanoclays. In particular, the elongation at break increases from 20% for the neat copolymer to approximately 110 and 130% for MMT-OH and MMT-Ar hybrids respectively, without any adverse effect on Young modulus. Moreover, the MMT-Alk nanocomposite exhibits a modest increase in strain to break, while the unmodified MMT hybrid shows the same maximum strain as the unfilled sample. Overall, the fracture toughness of the MMT-Alk, MMT-OH and MMT-Ar nanocomposites exhibit 2,5 and 6 fold increase respectively compared to the unfilled counterpart. We note that the trend in increasing toughness is consistent with the amount of β phase present.
Dramatic enhancements in toughness have been reported for a limited number of clay based nanocomposite systems including PVDF [17] and PVDF based blends [39] . In general, nanofillers homogeneously dispersed in a polymer matrix, in addition to inducing changes in crystallinity (both degree and type of phase) can give rise to a percolated network that has a protective role against the onset of catastrophic cracking; the load transfer efficiency largely depends upon the interfacial nanofiller/polymer shear stress [40] . The improved elasticity observed here points out to major conformational effects of the macromolecular chains at the clay-matrix interface as well as in the bulk. The SEM image of the tensile fractured cross-section of MMT-Ar hybrid is shown in Figure 8 . The SEM image essentially demonstrates the architectural features of a super tough surface that can effectively direct and distribute the load during uniaxial deformation. Specifically, we note the organization of the polymer matrix into fiber-like conformations and superstructures oriented parallel to the stretching direction. In rubbery matrices, the realignment of the clay particles themselves along the stretching direction effectively blocks crack propagation and deflection [41, 42] .
In an effort to better understand the mechanical response we studied the viscoelastic response of the nanocomposites and the neat polymer using isothermal (T=240 o C) frequency scans ( Figure   9 ). The rheological behavior of the neat polymer corresponds to an entangled polymer melt having short relaxation time. The introduction of MMT-Na + leaves the rheological signature essentially unaffected. In contrast, profound deviations of the ideal melt behavior, mainly in the low frequency limit, can be observed for the organoclay based nanocomposites. This behavior is typical for several classes of hybrid materials and has been attributed to the formation of a physically cross-linked superstructure due to the presence of the nanofillers [43] [44] [45] [46] [47] . Essentially, the development of such a physical network tends to increase the relaxation time of the melt, while at high frequencies the viscoelastic spectra of nanocomposites exhibit reduced sensitivity to the presence of nanofillers. This behavior indicates that nanoclays cannot significantly hinder the short-range motions of the polymer matrix, as opposed to the long-range motions.
The dielectric response for the neat polymer and nanocomposites is shown in Figure 10 . Four processes are typically seen for such copolymers [48] [49] [50] . attraction between the face of aromatic rings with the C-F as well as C-H bonds [51, 52] . Note that based on ab initio calculations, the interaction energies for benzene complexes with methane and fluoromethane were estimated -1.5 and -4.2 kcal/ mole, respectively and have been attributed to dispersion (long-range) rather than charge transfer contributions [52] .
Conclusions
Organically modified clays promote the formation of the β phase of PVDF-HFP and, by doing so, drastically alter the polarity of the matrix. Moreover, the introduction of clays enables a remarkable toughening mechanism, due to a major reconstruction of the mesoscale features of 
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